The biaxial tensile testing of cruciform specimens is an effective way to create complex loading, and is a feasible experimental method for studying the subsequent yield behavior. However, relevant knowledge gaps still exist in the geometric design of miniaturized cruciform specimens which are applicable to test machines with maximum load less than 5000 N. The present work outlines the systematic investigations of the optimal design of the miniaturized cruciform specimen of a commercial pure titanium TA2 for biaxial tensile testing. Finite element modeling (FEM) coupled with the orthogonal design is employed to explore the influence of various geometric parameters, i.e., the thickness of the central gauge region, the width, the length, and the number of the slit, and the radius of the inner chamfer, on the stress distribution of the central gauge region. The optimal geometric design of the miniaturized cruciform specimen is successfully obtained, simultaneously considering the stress uniformity in the central gauge region and economic factors. The full-field strain distributions are also determined via the digital image correction (DIC) technique, which confirm the accuracy of the results achieved from FEM. This work provides a complete and reliable procedure for optimizing the geometry of miniaturized cruciform specimens, whose application can be expanded to other metals in the future.
Introduction
Commercial pure titanium, e.g., TA2, has been widely used in medical, aerospace, and automotive fields due to its high specific strength, good biocompatibility, excellent heat resistance, and corrosion resistance [1] . In general, TA2 tends to be in the states of biaxial or even more complicate stresses in service under multiaxial loading. As a result, there is little existing capability to evaluate the biaxial mechanical response via uniaxial tensile testing alone. According to prior works of plastic yield behavior of pure titanium plates under different loading paths [2, 3] , the biaxial tensile testing of cruciform specimens was found to be one of the most realistic techniques to create biaxial stress states that are closer to the actual situation. For the biaxial tensile testing, the basic principle is that the four cross arms of the cruciform specimen are stretched separately and the plastic flow should be restricted in the central region of the specimen.
Shiratori [4, 5] proposed a biaxial tensile testing technique using a cross-shaped specimen for the first time. However, the load-bearing area of the cross-arm section is much smaller than the central gauge section, leading to the problem that the specimen failed outside the gauge area. With the development of the biaxial tensile testing technology, the design of test specimens has been greatly improved. For instance, according to the proposal made by Lebedev [6, 7] , a row of thorough slits oriented parallel to the respective principal axes of the specimen were machined in one arm. This design effectively reduced the mutual influence of the tensile biaxial loading and produced a uniform stress field over a large part of the area where the arms overlapped, resulting in improved reliability of the experimental data. In 1992, Makinde et al. [8] employed a statistical method coupled with the finite element modeling (FEM) to optimize the geometry of cruciform specimens with a circular reduced central region for the purpose of minimizing the effects of specimen geometry on the testing results. In 2014, the international standard ISO/CD16842 [9] for biaxial tensile testing using a cruciform test piece was published. Standard shape and dimensions of the cruciform specimen were recommended; hence, this type of cruciform testing specimen has been extensively adopted for measuring stress-strain curves. It is at least worth noting, however, that the thinning of the central gauge was not proposed in this standard. Meanwhile, other strategies for specimen design have also been suggested [10] [11] [12] [13] [14] [15] [16] , such as multistage thinning, unilateral thinning, etc., but these specimen designs never gained wide acceptance. In addition, the Wu research group [17] [18] [19] [20] [21] have also studied the stress-strain distribution of cruciform specimens designed with several previous, mature strategies, such as "slitting on the arm", "central thinning", and "fillet". These studies focus on the optimal design of the cruciform specimen via experimental methods but lack a comprehensive analysis on the effect of specimen geometry. In fact, the experimental results are affected by the geometric variables, e.g., the thickness of the specimen, the radius of the fillet on the arm, the width of the slit, the length of the slit, and the number of slits. On the other hand, to date, the shape and dimensions of cruciform specimen studied in prior works is designed for testing on a high-power test machine, while the design of miniaturized specimens tested on low-power testing machines (the maximum applied load P ≤ 5000N) remains challenging.
In the present work, the biaxial tensile testing method using a miniaturized cruciform specimen is applied to evaluate the biaxial mechanical responses of sheet TA2. The FEM, accompanied by experiments using the digital image correlation (DIC) measurement method, are utilized to optimize the shape and dimensions of the cruciform specimen. An optimal design of the miniaturized specimen that is applicable to the low-power stretching machine is successfully attained.
Optimal Design of the Cruciform Specimen via FEM

Design Requirements for the Biaxial Testing of Cruciform Specimens
The requirements for an ideal biaxial tensile test of a cruciform specimen are as follows:
1.
It is of great importance to confine the majority of deformation in the center region of the specimen; that is to say, the initial yielding, necking, or rupture should occur in the central gauge area of the specimen.
2.
The stress-strain distributions in the gauge area of the specimen should be as homogeneous as possible.
3.
Stress concentration should be avoided in the regions outside the central gauge area of the specimen. 4.
Once the above requirements are satisfied, the economics of the processing of the test piece should be considered.
FEM
The geometric shape and stress-strain distributions of cruciform specimens have four-fold symmetry Thus, for simplicity, a 1/4 axisymmetric model is established, using ANSYS 16.0 commercial software (ANSYS, Pittsburgh, PA, USA). The solid 45 unit has eight nodes, and each node has two degrees of freedom. The grid size of the central gauge area is 0.2 mm, and that of the other regions is 0.4 mm. The material parameters of the material tested, i.e., TA2, are obtained from the corresponding uniaxial tensile testing, details of which are as follows: the elastic modulus is 122.07 GPa, the Poisson's ratio is 0.337, and the yield strength is 310 MPa. A true stress-strain curve is employed and inputted in the simulation, which is attained from the uniaxial tensile test, as shown in Figure 1 . 
The Influence of the Geometric Shape of the Transition Section
Based on the aforementioned requirements, three types of test specimens are discussed here, as shown in Figure 2 . For the first type of specimen, a chamfer is made at the junctions of the arms to the gauge area, in order to reduce stress concentration at the corners (Figure 2a ). For the second type of specimen, the thickness of the central gauge region is reduced to avoid stress concentration developed on the arms, and to ensure that the failure preferentially occurs in the gauge (Figure 2b ). For the third type of specimen, a row of slits is made on each arm to eliminate the influence of shear stress and to produce a more homogeneous stress distribution (Figure 2c ). Here, two different corner shapes at the junctions of arms to the gauge area are proposed, as shown in Figure 3 . For the first one, the outer chamfer is designed, where RA denotes the corner radius. For the second one, the "inner chamfer" is designed, where RB denotes the corner radius. 
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Based on the aforementioned requirements, three types of test specimens are discussed here, as shown in Figure 2 . For the first type of specimen, a chamfer is made at the junctions of the arms to the gauge area, in order to reduce stress concentration at the corners (Figure 2a ). For the second type of specimen, the thickness of the central gauge region is reduced to avoid stress concentration developed on the arms, and to ensure that the failure preferentially occurs in the gauge (Figure 2b ). For the third type of specimen, a row of slits is made on each arm to eliminate the influence of shear stress and to produce a more homogeneous stress distribution (Figure 2c ). Here, two different corner shapes at the junctions of arms to the gauge area are proposed, as shown in Figure 3 . For the first one, the outer chamfer is designed, where RA denotes the corner radius. For the second one, the "inner chamfer" is designed, where RB denotes the corner radius. Here, two different corner shapes at the junctions of arms to the gauge area are proposed, as shown in Figure 3 . For the first one, the outer chamfer is designed, where R A denotes the corner radius. For the second one, the "inner chamfer" is designed, where R B denotes the corner radius.
To explore the effect of corner shape on the stress distribution, four types of cruciform specimen with dimensions of 100 mm (length) × 15 mm (arm width) × 1.6 mm (thickness) were designed, as shown in Figure 4 . In terms of manufacturing, the first three types (i.e., A, B, and C) are identical, wherein only their corner radii are different (i.e., the radii are 1, 2, and 3 mm for type A, type B, and type C, respectively). On the other hand, for the modified specimen, i.e., type D, the inner chamfer with a radius of 1.5 mm is made at the junctions of arms to the gauge area (a word of caution is in order here. The radius is variable and is not limited to that shown in Figure 4 , whose influence will be investigated in Section 2.5.2). The illustration of the finite element model for specimen type D is displayed in Figure 5 . Here, two different corner shapes at the junctions of arms to the gauge area are proposed, as shown in Figure 3 . For the first one, the outer chamfer is designed, where RA denotes the corner radius. For the second one, the "inner chamfer" is designed, where RB denotes the corner radius. To explore the effect of corner shape on the stress distribution, four types of cruciform specimen with dimensions of 100 mm (length) × 15 mm (arm width) × 1.6 mm (thickness) were designed, as shown in Figure 4 . In terms of manufacturing, the first three types (i.e., A, B, and C) are identical, wherein only their corner radii are different (i.e., the radii are 1, 2, and 3 mm for type A, type B, and type C, respectively). On the other hand, for the modified specimen, i.e., type D, the inner chamfer with a radius of 1.5 mm is made at the junctions of arms to the gauge area (a word of caution is in order here. The radius is variable and is not limited to that shown in Figure 4 , whose influence will be investigated in Section 2.5.2). The illustration of the finite element model for specimen type D is displayed in Figure 5 . A three-dimensional finite element model is established for each type of specimen proposed before, where the stress distribution can be calculated. For convenience, the anisotropic properties of the TA2 sheet are not considered here. A series of applied stresses are employed in the FEM. The stress applied at the horizontal arm is defined as σ , whose values are set as 200, 300, and 400 MPa, respectively. Meanwhile, the stress applied at the vertical arm is defined as nσ , where the values of n, i.e., the load ratio in the Y direction are 0, 0.25, 0.5, 0.75, and 1, respectively.
In the extreme case of n = 0, only the horizontal arm is loaded, corresponding to a uniaxial stress state. In the case of n = 1, an identical load is simultaneously applied at the horizontal and vertical arms, corresponding to a biaxial state. A three-dimensional finite element model is established for each type of specimen proposed before, where the stress distribution can be calculated. For convenience, the anisotropic properties of the TA2 sheet are not considered here. A series of applied stresses are employed in the FEM. The stress applied at the horizontal arm is defined as σ 0 , whose values are set as 200, 300, and 400 MPa, respectively. Meanwhile, the stress applied at the vertical arm is defined as nσ 0 , where the values of n, i.e., the load ratio in the Y direction are 0, 0.25, 0.5, 0.75, and 1, respectively. When σ = 200 MPa and n = 0, the calculated distributions of σ (axial stress in the x direction) for four types of specimen are as shown in Figure 6 . Prominent stress concentration can be observed at the corner edges for all four specimens. Specimen type D exhibits the highest maximum stress σ of 342.8MPa, and the values of σ for specimen type A, B, and C are 320.5, 304.6, and 291.1 MPa, respectively. The σ of the four types of specimens are listed in Table 1 , including the stress at the central gauge area σ and the σ /σ ratio for comparison. The σ /σ can be used to evaluate the degree of stress concentration to some extent, where the σ /σ that approaches equal to 1 was suggested to correspond to have a gentle stress gradient and an relative uniform stress distribution. In the extreme case of n = 0, only the horizontal arm is loaded, corresponding to a uniaxial stress state. In the case of n = 1, an identical load is simultaneously applied at the horizontal and vertical arms, corresponding to a biaxial state.
When σ 0 = 200 MPa and n = 0, the calculated distributions of σ xx (axial stress in the x direction) for four types of specimen are as shown in Figure 6 . Prominent stress concentration can be observed at the corner edges for all four specimens. Specimen type D exhibits the highest maximum stress σ max xx of 342.8 MPa, and the values of σ max xx for specimen type A, B, and C are 320.5, 304.6, and 291.1 MPa, respectively. The σ max xx of the four types of specimens are listed in Table 1 , including the stress at the central gauge area σ centre xx and the σ max xx /σ centre xx ratio for comparison. The σ max xx /σ centre xx can be used to evaluate the degree of stress concentration to some extent, where the σ max xx /σ centre xx that approaches equal to 1 was suggested to correspond to have a gentle stress gradient and an relative uniform stress distribution.
For type D specimen, the stress at the center gauge area (σ centre xx = 193.9 MPa) is the largest, and is closest to the stress applied at the arm end (σ 0 = 200 MPa), which reflects that the applied load can be fully transmitted from the arm end to the center of the specimen.
For first three types of specimen (i.e., A, B, and C), the σ max xx , σ centre xx and σ max xx /σ centre xx decrease with an increase in the corner radius, indicating that a lager corner radius contributes to a more homogeneous stress distribution. Meanwhile, the stress concentration extends from the corner edge to the interior of the specimen. In addition, the σ centre xx of first three types of specimens are obviously smaller than the stress applied, which means that this kind of geometric design opposes the transmission of load.
For the specimen type D, the σ max xx and σ centre xx are much larger than those of first three types of specimens. However, it is worthy to note that the σ max xx /σ centre xx of specimen type D is the smallest in all four types of specimens, showing that the type D specimen has an optimal geometric design to reduce the stress concentration of the corner. The σ centre at the corner edges for all four specimens. Specimen type D exhibits the highest maximum stress σ of 342.8MPa, and the values of σ for specimen type A, B, and C are 320.5, 304.6, and 291.1 MPa, respectively. The σ of the four types of specimens are listed in Table 1 , including the stress at the central gauge area σ and the σ /σ ratio for comparison. The σ /σ can be used to evaluate the degree of stress concentration to some extent, where the σ /σ that approaches equal to 1 was suggested to correspond to have a gentle stress gradient and an relative uniform stress distribution. For type D specimen, the stress at the center gauge area (σ = 193.9 MPa) is the largest, and is closest to the stress applied at the arm end (σ = 200 MPa), which reflects that the applied load can be fully transmitted from the arm end to the center of the specimen. For first three types of specimen (i.e., A, B, and C), the σ , σ and σ /σ decrease with an increase in the corner radius, indicating that a lager corner radius contributes to a more homogeneous stress distribution. Meanwhile, the stress concentration extends from the corner edge to the interior of the specimen. In addition, the σ of first three types of specimens are obviously smaller than the stress applied, which means that this kind of geometric design opposes the transmission of load.
For the specimen type D, the σ and σ are much larger than those of first three types of specimens. However, it is worthy to note that the σ /σ of specimen type D is the smallest in all four types of specimens, showing that the type D specimen has an optimal geometric design to reduce the stress concentration of the corner. The σ of the type D specimen approaches the applied stress.
When σ = 200 MPa and n = 1, the distributions of Mises stress (σ ) of the four types of specimens are shown in Figure 7 . Significant stress concentration is developed at the corner edges in all four test specimens. The type A specimen exhibits a highest maximum stress σ of 345.7 MPa, and the values of σ for specimen type B, C, and D are 327.2, 313.3, and 342.4 MPa, respectively. The σ of four types of specimens are summarized in Table 2 , including the Mises stress at the central gauge area σ and the σ /σ ratio. Similarly, to some degree, the stress concentration also can be indirectly assessed by σ /σ , whose value closer to 1 corresponds to a more uniform stress distribution. For the first three types of specimen (i.e., A, B, and C), the σ , σ and σ /σ decreases with an increasing corner radius (Table 2 ). Most importantly, the specimen type D has the lowest σ /σ and the highest σ , which is desirable for the biaxial tensile testing of cruciform specimens. In a word, consistent with the results in Table 1 , the type D specimen exhibits a desirable stress distribution, as indicated by the σ /σ ratio. In order to study the stress distribution in the central gauge area of a specimen under different loading ratios, the Type D specimen is taken as the research object. Figure 8 shows the Mises stress distribution in the Type D specimen with the n = 0.25, 0.5, 0.75, and 1, respectively. The main conclusions are summarized as follows:
-The σ max mises of the test piece is almost constant with an increase in the applied stress in the Y direction.
-With an increasing applied stress in the Y axis direction, the overall distribution of Mises stress in the specimen tends to be symmetrical, implying a more homogeneous stress in the central gauge area. -When n = 1, the Mises stress of the specimen is symmetrical with respect to a 45 • diagonal line.
The σ max mises /σ centre mises as a function of the n value under various applied stress is plotted in Figure 9 . The trends of σ max mises /σ centre mises varying with the n value for various types of specimens are identical, and remains invariant with an increasing applied stress. Moreover, for different n value, the σ max mises /σ centre mises value of specimen type D is always the lowest, which means that the stress distribution of the type D specimen is the most homogeneous.
In summary, the geometric design of specimen type D is chosen for the following reasons: firstly, the value of σ max xx /σ centre xx of specimen type D is the lowest (Table 1) conclusions are summarized as follows:
-The σ of the test piece is almost constant with an increase in the applied stress in the Y direction.
-With an increasing applied stress in the Y axis direction, the overall distribution of Mises stress in the specimen tends to be symmetrical, implying a more homogeneous stress in the central gauge area.
-When n = 1, the Mises stress of the specimen is symmetrical with respect to a 45° diagonal line. The σ /σ as a function of the n value under various applied stress is plotted in Figure  9 . The trends of σ /σ varying with the n value for various types of specimens are identical, and remains invariant with an increasing applied stress. Moreover, for different n value, the σ /σ value of specimen type D is always the lowest, which means that the stress distribution of the type D specimen is the most homogeneous.
In summary, the geometric design of specimen type D is chosen for the following reasons: firstly, the value of σ / σ of specimen type D is the lowest (Table 1) ; secondly, the value of σ /σ of specimen type D is the lowest and closest to 1 (Table 2) , indicating the most uniform stress distribution in specimen type D; thirdly, the σ /σ values of specimen type D are always the lowest under varying applied stress ( Figure 9 ). 
Effect of the Thickness of the Central Gauge
Even a homogeneous stress distribution can be anticipated in the central gauge area of specimen type D, yet the σ is still significantly smaller than the σ localized in the arms (Figures 7-9 ), owing to an obvious biaxial strengthening effect. In order to avoid the failure occurring outside the central gauge area, a thinning process of the gauge should be adopted in the specimen design. This reduced thickness ensures that a highest stress level can be obtained in the gauge area. Moreover, a line of slits made on each arm was found to be very effective in mitigating the biaxial strengthening effect and contributing to the uniform stress-strain distributions within the gauge region. In the present work, thus, the thickness of gauge area is chosen as the variable parameter, and five slits with a width of 0.8 mm are introduced on each arm. The gauge thickness H decreases from 1.6 to 0.4 mm, in order to explore the effect of H on the biaxial stress state of the type D specimen. The σ /σ as a function of the n value under various applied stress is plotted in Figure  9 . The trends of σ /σ varying with the n value for various types of specimens are identical, and remains invariant with an increasing applied stress. Moreover, for different n value, the σ /σ value of specimen type D is always the lowest, which means that the stress distribution of the type D specimen is the most homogeneous.
Even a homogeneous stress distribution can be anticipated in the central gauge area of specimen type D, yet the σ is still significantly smaller than the σ localized in the arms (Figures 7-9 ), owing to an obvious biaxial strengthening effect. In order to avoid the failure occurring outside the central gauge area, a thinning process of the gauge should be adopted in the specimen design. This reduced thickness ensures that a highest stress level can be obtained in the gauge area. Moreover, a line of slits made on each arm was found to be very effective in mitigating the biaxial strengthening effect and contributing to the uniform stress-strain distributions within the gauge region. In the present work, thus, the thickness of gauge area is chosen as the variable parameter, and five slits with a width of 0.8 mm are introduced on each arm. The gauge thickness H decreases from 1.6 to 0.4 mm, in order to explore the effect of H on the biaxial stress state of the type D specimen.
The Mises stress and shear stress distributions calculated by FEM are presented in Figure 10 , and the maximum Mises stress on the arms σ , the maximum Mises stress of the gauge area 
Even a homogeneous stress distribution can be anticipated in the central gauge area of specimen type D, yet the σ centre mises is still significantly smaller than the σ max mises localized in the arms (Figures 7-9 ), owing to an obvious biaxial strengthening effect. In order to avoid the failure occurring outside the central gauge area, a thinning process of the gauge should be adopted in the specimen design. This reduced thickness ensures that a highest stress level can be obtained in the gauge area. Moreover, a line of slits made on each arm was found to be very effective in mitigating the biaxial strengthening effect and contributing to the uniform stress-strain distributions within the gauge region. In the present work, thus, the thickness of gauge area is chosen as the variable parameter, and five slits with a width of 0.8 mm are introduced on each arm. The gauge thickness H decreases from 1.6 to 0.4 mm, in order to explore the effect of H on the biaxial stress state of the type D specimen.
The Mises stress and shear stress distributions calculated by FEM are presented in Figure 10 , and the maximum Mises stress on the arms σ arm mises , the maximum Mises stress of the gauge area σ centre mises , the σ arm mises /σ centre mises ratio, and the shear stress of the gauge area τ xy are listed in Table 3 . With a decrease in This manifests that the maximum deformation indeed occurs in the central gauge area due to a thinning process, leading to a preferential rupture of the gauge. At the same time, the stress concentration at the corner also diminishes. Moreover, with a decreasing gauge thickness H, the negative shear stress of the gauge area almost remains unchanged, while the positive shear stress gradually decreases (Table 3) . When H = 0.4 mm, the positive shear stress is only 50.2% of that in the specimen without a thinning process (H = 1.6 mm). In addition, a thickness thinning process mainly has a significant influence on the deformation ability of sheet materials, rather than microstructure and mechanical properties [22] . In conclusion, a thinning process is beneficial for preferential rupture of the gauge and the reduced positive shear stress of the specimen.
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Specimens
Orthogonal Design of Cruciform Specimens
Stress Uniformity in the Central Gauge Region
The homogeneity of biaxial stress in the central gauge receives much attention in test specimen design, and is significantly affected by various geometric parameters, e.g., the thickness of the gauge area, the number of slits made per arm, the width of slits, etc. Here, the concept of "stress uniformity in the central gauge region" is introduced to evaluate the degree of homogeneity of the biaxial stress. In consideration of symmetry, a three-dimensional FEM model of 1/4 of the central gauge region is employed and schematically shown in Figure 11 . The gauge center is selected as the starting node, and the remaining five nodes are distributed outwards at constant intervals along the 45° axis. Thus, the stress uniformity in the central region γ is defined as follows:
where m is the number of selected reference nodes (m = 6, Figure 11 ) and σ is the Mises stress of each reference node. When σ reaches 100 MPa with an increasing applied stress, the Mises stress of the five remaining nodes (i.e., σ − σ ) are determined from the calculated Mises stressload curves (Figure 12 ). Here, 100 MPa is an artificially defined threshold ensuring that the specimen is subjected to the elastic state. 
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Stress Uniformity in the Central Gauge Region
The homogeneity of biaxial stress in the central gauge receives much attention in test specimen design, and is significantly affected by various geometric parameters, e.g., the thickness of the gauge area, the number of slits made per arm, the width of slits, etc. Here, the concept of "stress uniformity in the central gauge region" is introduced to evaluate the degree of homogeneity of the biaxial stress. In consideration of symmetry, a three-dimensional FEM model of 1/4 of the central gauge region is employed and schematically shown in Figure 11 . The gauge center is selected as the starting node, and the remaining five nodes are distributed outwards at constant intervals along the 45 • axis. Thus, the stress uniformity in the central region γ is defined as follows:
where m is the number of selected reference nodes (m = 6, Figure 11 ) and σ i mises is the Mises stress of each reference node. When σ 1 mises reaches 100 MPa with an increasing applied stress, the Mises stress of the five remaining nodes (i.e., σ 2 mises − σ 6 mises ) are determined from the calculated Mises stress-load curves ( Figure 12 ). Here, 100 MPa is an artificially defined threshold ensuring that the specimen is subjected to the elastic state. 
Orthogonal Design Scheme
The geometric factors considered in this experiment are: the thickness of the central gauge region H, the width of the slit WS, the length of the slit L, the number of slit M, and the radius of the inner chamfer R. The levels of each factor are listed in Table 4 . The number of factors and levels are 5 and 4, respectively, thus, the (4 ) orthogonal table is used. Taking A1B1C1D1E1 as an example, when the σ is 100 MPa, the Mises stresses of the remaining five nodes and the γ are determined and given in Table 5 . 
The geometric factors considered in this experiment are: the thickness of the central gauge region H, the width of the slit W S , the length of the slit L, the number of slit M, and the radius of the inner chamfer R. The levels of each factor are listed in Table 4 . The number of factors and levels are 5 and 4, respectively, thus, the L 15 4 5 orthogonal table is used. is 100 MPa, the Mises stresses of the remaining five nodes and the γ are determined and given in Table 5 . Similarly, the Mises stress of each node and the γ of the other test specimens can also be calculated, as listed in Tables 6 and 7 . Furthermore, the degree of the impact of various geometric factors on γ can be obtained using Statistica software, as exhibited in Figure 13 . As shown in Figure 13 , when the thickness of the central gauge area is 0.8 mm (A1), its impact on γ is the smallest. When the thickness of the central gauge area is 0.2 mm (A4), its impact on γ is the largest. The impact of other factors on γ can also be evaluated in the same way. Based on Figure 13a , the specimen A 1 B 4 C 4 D 3 E 1 is found to possess an optimal geometric design, wherein the thickness of the central gauge area is 0.8 mm, the slit width is 0.8 mm, the slit length is 20 mm, the number of slits is five, and the radius of the inner chamfer is 0.5 mm, showing a smallest γ of 1.035 (Table 8 ) under an applied stress of 100 MPa (Table 6 ). Similarly, the specimen A 1 B 3 C 1 D 3 E 1 possesses an optimal geometric design (Figure 13b) . However, when the thickness of the central gauge area is 0.8 mm (A1), the force required to rupture the corresponding biaxial tensile testing specimen of sheet TA2 exceeds the maximum load (5000 N) of the machine. In addition, the difference in γ of each specimen at 310
Mpa is obviously less than that at 100 Mpa, the γ of the specimen at an applied stress of 100 Mpa, thus, should be taken as criterion for geometric design. Therefore, in light of these concerns, the thickness of the central gauge area should be decreased to 0.4 mm. Besides, for the convenience of manufacture, the width and length of the silts should be increased from 0.6 mm (B3) and 5 mm (C1) to 0.8 mm (B4) and 20 mm (C4), respectively, as the impact of these two factors on γ are quite limited (Figure 13b) . Furthermore, the γ of specimen A 3 B 4 C 4 D 3 E 1 is close to that of the specimen A 1 B 4 C 4 D 3 E 1 (Table 8) . Finally, after comprehensive consideration, specimen A 3 B 4 C 4 D 3 E 1 is believed to have the optimal geometric design.
Metals 2019, 9, x FOR PEER REVIEW 13 of 18 optimal geometric design (Figure 13b) . However, when the thickness of the central gauge area is 0.8 mm (A1), the force required to rupture the corresponding biaxial tensile testing specimen of sheet TA2 exceeds the maximum load (5000 N) of the machine. In addition, the difference in γ of each specimen at 310 Mpa is obviously less than that at 100 Mpa, the γ of the specimen at an applied stress of 100 Mpa, thus, should be taken as criterion for geometric design. Therefore, in light of these concerns, the thickness of the central gauge area should be decreased to 0.4 mm. Besides, for the convenience of manufacture, the width and length of the silts should be increased from 0.6 mm (B3) and 5 mm (C1) to 0.8 mm (B4) and 20 mm (C4), respectively, as the impact of these two factors on γ are quite limited (Figure 13b) . Furthermore, the γ of specimen A3B4C4D3E1 is close to that of the specimen A1B4C4D3E1 (Table 8) . Finally, after comprehensive consideration, specimen A3B4C4D3E1 is believed to have the optimal geometric design. 
Experiment
Conventional methods for strain measurement, e.g., strain gages and video extensometer, are powerless to evaluate the full-field strain distribution of the gauge area; only the average strain can be acquired. Thus, an advanced experimental technique for the full-field strain measurement is absolutely necessary in order to study the strain distribution of the gauge area of a cruciform specimen under biaxial tension. As an advanced experimental technique for the full-field strain measurement, digital image correlation (DIC) technology was originally proposed by Peters and Ranson [23] in the early 1980s. By comparing the speckle images of the gauge surface before and after deformation, the full-field strain of the gauge area can be obtained using a specific algorithm. The DIC technique has been successfully applied in the characterization of local deformation behavior for various materials with heterogeneous microstructure, because of its noncontact characteristic and wide suitability [10] .
The cold-rolled annealed sheet TA2 is used for the biaxial tensile testing in the present work, and its chemical composition is given in Table 9 . 
The cold-rolled annealed sheet TA2 is used for the biaxial tensile testing in the present work, and its chemical composition is given in Table 9 . Table 9 . Chemical composition of sheet TA2 (wt. %). The full-field strain distribution is determined by the MTI noncontact strain measurement system, based on the DIC technique ( Figure 14) . The DIC criterion used is the zero-normalized sum of squared differences (ZNSSD), and the subset size is 21 px. The resolution of the camera is five megapixels, using the HF50SA-1 lens produced by FUJIFILM, and the shooting angle is 9.70 (horizontal). A speckle pattern needs be sprayed on the surface of the specimen in order to measure the strain distribution, as shown in Figure 14c . The Gaussian prefiltering method is used to reduce the deviation error of the displacement measurement. Then, a set of filtered images is analyzed by affine shape function and bicubic spline interpolation [24] .
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The full-field strain distribution is determined by the MTI noncontact strain measurement system, based on the DIC technique ( Figure 14) . The DIC criterion used is the zero-normalized sum of squared differences (ZNSSD), and the subset size is 21 px. The resolution of the camera is five megapixels, using the HF50SA-1 lens produced by FUJIFILM, and the shooting angle is 9.70 (horizontal). A speckle pattern needs be sprayed on the surface of the specimen in order to measure the strain distribution, as shown in Figure 14c . The Gaussian prefiltering method is used to reduce the deviation error of the displacement measurement. Then, a set of filtered images is analyzed by affine shape function and bicubic spline interpolation [24] . The biaxial tensile testing of sheet TA2 was carried out on an in situ biaxial testing machine (IPBF-5000, CARE Measurement & Control Co., Ltd, Tianjin, China), and the load-controlling mode was employed during the loading process. The tensile specimens with three different geometric types are shown in Figure 15 . The biaxial tensile testing of sheet TA2 was carried out on an in situ biaxial testing machine (IPBF-5000, CARE Measurement & Control Co., Ltd, Tianjin, China), and the load-controlling mode was employed during the loading process. The tensile specimens with three different geometric types are shown in Figure 15 . The full-field strain distribution is determined by the MTI noncontact strain measurement system, based on the DIC technique ( Figure 14) . The DIC criterion used is the zero-normalized sum of squared differences (ZNSSD), and the subset size is 21 px. The resolution of the camera is five megapixels, using the HF50SA-1 lens produced by FUJIFILM, and the shooting angle is 9.70 (horizontal). A speckle pattern needs be sprayed on the surface of the specimen in order to measure the strain distribution, as shown in Figure 14c . The Gaussian prefiltering method is used to reduce the deviation error of the displacement measurement. Then, a set of filtered images is analyzed by affine shape function and bicubic spline interpolation [24] . The biaxial tensile testing of sheet TA2 was carried out on an in situ biaxial testing machine (IPBF-5000, CARE Measurement & Control Co., Ltd, Tianjin, China), and the load-controlling mode was employed during the loading process. The tensile specimens with three different geometric types are shown in Figure 15 . The combined specimens A4B2C3D1E4, A2B4C3D2E1, and A3B4C4D3E1 were tested experimentally. When the stress in the central region reaches 100 MPa and 310 MPa, respectively, the Mises strain of the specimens is shown in Figure 16 . Figure 16 shows that inhomogeneous strains have been accumulated at the corners in all specimens upon loading, implying a developed stress concentration. In fact, this kind of strain concentration at the corners of the gauge area is inevitable, unless the thickness of the gauge area gradually decreases toward the center zone. However, the strain field is quite nonhomogeneous in the thickness-tapered specimen, and the corresponding ultimate strength is difficult to determine due to the varying thickness of the gauge area. In this work, these experimental results are in line with those of FEM. Moreover, due to the anisotropic properties of sheet TA2 and the inevitable manufacturing error, the strain distributions are not ideally symmetric. For instance, as the thickness of the central gauge area is only 0.2 mm in specimen A4B2C3D1E4, a lot of traces generated during the milling process would have a significant effect on the symmetry of the strain distribution, especially at the junctions of arms to the central gauge area. It is of great significance to note that the full-field strain distributions presented in Figure 16 verify that specimen A3B4C4D3E1 displays an optimal stress uniformity in the central gauge area. Based on the full-filled strain distributions (Figure 16 ), the strain distribution of each specimen along the 45° axis are determined and shown in Figure 17 , including those obtained from FEM for comparison. In the present work, in order to reduce the effect of stress concentration at the corner, the strain field within the center square area of 10 × 10 mm 2 was evaluated. For the strain distributions obtained from experiments and FEM, their variations exhibit an identical trend for various specimens, where only minor differences exist in the strain levels. Obviously, specimen A3B4C4D3E1 has the best strain uniformity, specimen A2B4C3D2E1 is the second, and specimen A4B2C3D1E4 is the third (Figure 17 ). In addition, the strain levels of the area closing to the corners are relatively higher due to the existing stress concentration at the corners. The strain level of specimen A4B2C3D1E4 is higher than those of the other two specimens (Figure 17 ). The radius of the inner chamfer in specimen A4B2C3D1E4 is the largest (2 mm), leading a smallest effective area Figure 16 shows that inhomogeneous strains have been accumulated at the corners in all specimens upon loading, implying a developed stress concentration. In fact, this kind of strain concentration at the corners of the gauge area is inevitable, unless the thickness of the gauge area gradually decreases toward the center zone. However, the strain field is quite nonhomogeneous in the thickness-tapered specimen, and the corresponding ultimate strength is difficult to determine due to the varying thickness of the gauge area. In this work, these experimental results are in line with those of FEM. Moreover, due to the anisotropic properties of sheet TA2 and the inevitable manufacturing error, the strain distributions are not ideally symmetric. For instance, as the thickness of the central gauge area is only 0.2 mm in specimen A 4 B 2 C 3 D 1 E 4 , a lot of traces generated during the milling process would have a significant effect on the symmetry of the strain distribution, especially at the junctions of arms to the central gauge area. It is of great significance to note that the full-field strain distributions presented in Figure 16 verify that specimen A 3 B 4 C 4 D 3 E 1 displays an optimal stress uniformity in the central gauge area. Based on the full-filled strain distributions (Figure 16 ), the strain distribution of each specimen along the 45 • axis are determined and shown in Figure 17 , including those obtained from FEM for comparison. In the present work, in order to reduce the effect of stress concentration at the corner, the strain field within the center square area of 10 × 10 mm 2 was evaluated. For the strain distributions obtained from experiments and FEM, their variations exhibit an identical trend for various specimens, where only minor differences exist in the strain levels. Obviously, specimen A 3 B 4 C 4 D 3 E 1 has the best strain uniformity, specimen A 2 B 4 C 3 D 2 E 1 is the second, and specimen A 4 B 2 C 3 D 1 E 4 is the third (Figure 17 ). In addition, the strain levels of the area closing to the corners are relatively higher due to the existing stress concentration at the corners. The strain level of specimen A 4 B 2 C 3 D 1 E 4 is higher than those of the other two specimens (Figure 17 ). The radius of the inner chamfer in specimen A 4 B 2 C 3 D 1 E 4 is the largest (2 mm), leading a smallest effective area of the central gauge. As a result, the same load applied on the arm will generate a largest stress level in specimen A 4 B 2 C 3 D 1 E 4 , resulting in the largest strain level. Furthermore, the issue about the effective area of the central gauge in cruciform specimens deserves further investigations in the future. In brief, specimen A 3 B 4 C 4 D 3 E 1 displays a favorable combination of various geometric factors.
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Conclusions
The geometric design of a miniaturized biaxial tensile testing specimen of sheet TA2 has been systematically investigated. The main results of this work are summarized below:
(1) An inner chamfer is introduced to the design of the cruciform specimen, which is effective in contributing to a reduced degree of stress concentration and a more homogeneous stress distribution in the center region, resulting in a decreased σ σ ⁄ of 1.77. 
(1) An inner chamfer is introduced to the design of the cruciform specimen, which is effective in contributing to a reduced degree of stress concentration and a more homogeneous stress distribution in the center region, resulting in a decreased σ max mises /σ centre mises of 1.77.
(2) The plastic flow can be effectively restricted in the center region of the cruciform specimen via the thinning process. As the thicknesses of the center gauge and the arm are 0.4 and 1.6 mm, respectively, the σ arm mises /σ centre mises is less than 1, avoiding the preferential rupture of the arm during the biaxial tensile testing. (3) According to the results of orthogonal design, with the attendant comprehensive analysis, an optimal geometric design has been successfully attained for the cruciform specimen, in which the thickness of the central gauge region, the width, the length and the number of slits, and the radius of the inner chamfer are 0.4 mm, 0.8 mm, 20 mm, five, and 0.5 mm, respectively. (4) The full-field strain distribution of the center region for the cruciform specimen has been measured using the advanced DIC technique and is well in line with the results computed by FEM. The validity of the design method of this paper is verified. (5) This work reports a promising methodology for optimizing the geometry of a miniaturized cruciform specimen of sheet TA2 that shows great potential in the design of specimens for biaxial tensile testing of other sheet metals.
